Introduction
Heme containing catalases are present in almost all aerobically respiring organisms. 1 They play critical roles in protecting the cell against the toxic effects of hydrogen peroxide (H 2 O 2 ) by degrading it to water and oxygen (2H 2 O 2 f 2H 2 O + O 2 ).
The catalatic reaction occurs in two steps. The first step, common to peroxidases, is the formation of compound I (Cpd I), often an oxoferryl porphyrin cation radical, by two electron oxidation of the resting enzyme (reaction 1). It is generally accepted that the distal His (His61, using the residue numbering of Micrococcus lysodeikticus catalase; 2 see Figure  1 ) acts as a general acid-base catalyst in Cpd I formation. 3, 4 The second step is the reduction of Cpd I back to the resting state of the enzyme, generating O 2 and a water molecule (reaction 2). Catalases and catalase-peroxidases catalyze this reaction efficiently, whereas other hemeproteins such as chloroperoxidase (CPO) and myoglobin (Mb) exhibit low reaction yields. 1, 5 Enz(Por-Fe As shown in reaction 2, H 2 O 2 serves as a two-electron reductant in the catalatic reaction. Formally, one electron reduces the porphyrin radical (Figure 2) , and the other one contributes to the change of oxidation state of the iron atom (from Fe IV to Fe III ). The transfer of two electrons from H 2 O 2 is associated with the transfer of two protons, forming O 2 . Nevertheless, it is not known whether H 2 O 2 loses the two electrons as H + /H -(transfer of a proton and a hydride ion), H • /H • (double transfer of one hydrogen atom) or other mechanisms. It has been proposed by Fita and Rossmann, 3 and recently supported by Watanabe et al., 6 that the distal His is also involved in the second step of the catalatic reaction. Because of this, an H + /H -scheme is assumed, in which H -is transferred directly to the oxoferryl unit and the transfer of H + is mediated by the distal His ( Figure  2 ).
Even though the generation of O 2 from H 2 O 2 is basically part of the known Latimer series, 7 the spin state of the oxygen molecule generated in the catalase reaction is not clear in the literature. For some authors, proton transfer from H 2 O 2 followed by hydride transfer should generate singlet oxygen [ 
In other words, two oneelectron-transfer steps lead to triplet oxygen, and a pairwise movement of electrons produces singlet oxygen. [8] [9] [10] [11] These arguments have been used, for instance, to rationalize a possible reaction mechanism in catalase-peroxidases. 8 Therefore, it might seem a priori that the mechanism involving proton transfer to the distal His (the H + /H -mechanism) generates singlet oxygen in catalase. Molecular oxygen in the singlet state is a very powerful oxidant. Its damaging action in a variety of biological processes has been well recognized, 12, 13 and it has been shown to inactivate enzymes. 14 Even though several experiments have detected singlet oxygen in catalases, 10, 11 as pointed out by Jakopitsch et al., 8 it would not make biological sense to release large amounts of singlet oxygen out of the heme pocket. Clearly, a deeper analysis of the arguments used to predict the spin state of the oxygen molecule is needed.
Here we focus on the problem of the electronic state of the released O 2 during the reduction of Cpd I in catalases to assess the validity of the arguments that are used to predict the spin state of the released oxygen. We figure out different reaction schemes and qualitatively analyze the spin states of the species involved. It turns out that, even within the spin conservation formalism, when all the species involved in the reaction are taken into account (not only hydrogen peroxide), the produced molecular oxygen may be in the singlet as well as in the triplet state. The analysis is complemented with the calculation of the electronic structures of active site models of the reactants and products by means of density functional theory (DFT). This methodology has been applied in the past to study the reaction intermediates and reactive processes in catalase, 15 peroxidases, 16 catalase-peroxidase 17 and other heme proteins. 18 
Computational Details
A reduced model of the catalase active site was considered for the calculations. The initial structure was taken from our previous work on catalase Cpd II. 19 Essential residues for the catalase reaction 1,20,21 as well as second shell ligands were included in the model. Specifically, we included the axial Tyr343 residue (replaced by a phenolate anion) and the proximal Arg339 residue (replaced by a methylguanidinium cation) that interacts with the tyrosine oxygen atom (residue numbering corresponding to Micrococcus lysodeikticus catalase, MLC). Previous work demonstrated that both residues influence significantly the structure and ligand properties of the heme. 22 The distal side chains of Asn133 and His61 were modeled as ethylamide and methylimidazole, respectively. The Phe138 side chain was also included because it was found to be necessary to keep the H 2 O 2 substrate in the distal pocket. To better describe the acid/base character of the distal histidine, the residues interacting with its N δ -H were also taken into account (Ser89 side chain, replaced by methanol and Thr90 backbone, replaced by formaldehyde). The heme was modeled with an iron porphyrin plus the propionic acid chain that interacts with Ser89 through a bridging water molecule. Additional calculations showed that the protonation state of the propionic heme side chain does not affect the electronic structure of the species analyzed. Hydrogen peroxide was inserted manually in the active site and the structure was optimized by keeping the terminal atoms of the distal and proximal residues fixed to mimic the steric restraints imposed by the protein environment. Structure analysis was performed with VMD. 23 The calculations were carried out using the Car-Parrinello molecular dynamics method, 24 as implemented in the CPMD code. 25 The Kohn-Sham orbitals were expanded in a planewave (PW) basis set with the kinetic-energy cutoff of 70 Ry. The systems were enclosed in an orthorhombic isolated supercell of size 20.5 × 19 × 19 Å 3 and total charge of +1. The Poisson equation was solved using the Martyna and Tuckerman's method. 26 We employed ab initio pseudopotentials, generated within the Troullier-Martins scheme, 27 including the nonlinear core correction 28 for the iron atom. Structure optimizations were performed by molecular dynamics with annealing of the atomic velocities, using a time step of 0.072 fs and a value of 800 au for the fictitious electronic mass of the Car-Parrinello Lagrangian. The generalized gradient-corrected approximation of the spindependent density functional theory (DFT-LSD), following the formalism of Becke and Perdew, 29 was used. Previous work has demonstrated the reliability of this computational setup in the description of structural, energetic and dynamical properties of heme-based systems. 15a, 17, 19, 22, 30 Additional single-point calculations with the B3LYP functional 31,32 and the same PW basis set (not shown here) lead to very similar results with respect to the spin density distributions.
Results and Discussion
3.1. Reactants and Products. The electronic configuration of Cpd I and the possible electronic configurations of the products of the catalase reaction (native enzyme + H 2 O + O 2 ) are depicted in Figure 3 . The ground state of catalase Cpd I is known to be a quartet state, 9 with a doublet state very close in energy. Let us assume this situation does not change when H 2 O 2 enters the distal pocket (Figure 3 , left). Let us also assume that the spin state is conserved during the reaction. We will analyze the quartet state surface (an excess of three more unpaired electrons of a given spin, either R or ), but analogous results may be obtained working with the doublet state surface (Supporting Information). There are three possible electron configurations of the products that are compatible with a global quartet state. Configuration P1 contains triplet oxygen and doublet heme, both with parallel spins (Figure 3 , right). In configuration P2, the oxygen is also in a triplet spin state, but the two unpaired spins are antiparallel with the ones of the heme iron, which is in a high spin state. In configuration P3, all unpaired spins are localized on the heme iron and the oxygen molecule is in a singlet state. An analogous analysis starting with Cpd I in the doublet state (Supporting Information, Figure  S1 ) also gives two configurations with triplet oxygen and one with singlet oxygen. Therefore, a priori the catalatic reaction could generate both types of oxygen spin configurations.
3.2. Possible Reaction Schemes. In the reduction of Cpd I in catalases (reaction 2), two hydrogen atoms from H 2 O 2 are transferred to the oxoferryl oxygen. Assuming that the distal His is involved in the mechanism, three main reaction schemes (a, b and c) may be envisioned to describe how two protons and two electrons are transferred to the oxoferryl unit.
(a) Proton Transfer to His and Hydride Transfer to Cpd I (H + /H -Scheme). Given the pK a of His and H 2 O 2 in water solution (6.5 and 11.6, respectively), proton transfer from H 2 O 2 to His is unfavorable. 33 However, the binding of H 2 O 2 to both His and FedO probably decreases its pK a . As mentioned in the Introduction, it is believed that the catalatic reaction involves proton transfer to the distal His and hydride transfer to the oxoferryl unit. This scheme would lead to any of the intermediate species shown in Figure 4a (panels a1, a2 and a3 only differ in the distribution of the unpaired spins after H + /H -transfer).
To simplify the discussion, we assume that the transfer of both H + and H -occurs simultaneously. One possibility (a1) is that one of the two transferred electrons couples with the porphyrin unpaired electron and the other goes to an iron-based orbital, decreasing the iron oxidation state. The local spin state of the heme (Por-Fe III -OH) is now S heme ) 1 / 2 . To conserve the total spin (S tot ) 3 / 2 ), the product oxygen molecule must be in a triplet state (S ox ) 1). 34 Alternatively (a2), the electrons could reorganize in a quartet heme (S heme ) 3 / 2 ) and singlet oxygen (S ox ) 0), or sextet heme and triplet oxygen (a3). In the next reaction step, the proton of HisH + would transfer to the hydroxyl group of the heme, releasing a water molecule and leading to the product P1 (P2 and P3 are also possible, considering electronic reorganization at the heme). Therefore, in contrast to the commonly used argument that the H + /H -mechanism generates singlet oxygen, both triplet and singlet oxygen ( 1 O 2 , 3 O 2 , respectively) can be the product of the catalatic reaction when one takes into account the spin state of all the species in the active center (not only H 2 O 2 ). Figure 4b) . As a result, the distal histidine would acquire spin density (S His ) 1 / 2 ). There are five possible intermediates compatible with a global quartet spin state (S tot ) 3 / 2 ). If the electron that transfers to Cpd I couples with the unpaired porphyrin radical (b1 or b3), the result is a local triplet state in the heme (Cpd II-like) and singlet oxygen or triplet oxygen, depending on whether the spin on the distal HisH • is parallel or antiparallel to the two unpaired electrons on the hydroxoferryl group, respectively. In Figure 3 . Spin reorganization associated to reaction 2 in catalase. R ) reactants, P1, P2, P3 ) different electronic configuration of the products. The R spin is represented by red color in the picture. the next step, a hydrogen atom would transfer from HisH • to Cpd II, releasing a water molecule and leading to P3 (from b1) or P1 (from b3). Instead, if the electron that transfers to Cpd I couples with one of the unpaired electrons localized on the oxoferryl unit (b2, b4, b5), the result is a porphyrin radical species in which the porphyrin and oxoferryl unpaired electrons couple antiferromagnetically (b2) or ferromagnetically (b4 and b5). To conserve the total spin, the oxygen molecule could be in a triplet state (b2, b3 and b4) or in a singlet state (b1 and b5). Afterward, hydrogen atom transfer from HisH • to the heme would take place, generating the products. Therefore, unlike the common assumption that the H • /H • scheme leads to triplet oxygen, both triplet and singlet oxygen products are compatible with this reaction scheme.
(c) Hydrogen Transfer to Cpd I and Proton Transfer to His (H + /H • Scheme). It is also possible that a hydrogen atom is transferred to Cpd I (forming a peroxyl radical, HOO • , and Cpd II). The pK a of HOO • (4.8) is lower than that of His (6.5); therefore, it is expected that the peroxyl radical donates the proton to His, resulting in a superoxide anion molecule (O 2 -) (Figure 4c ). Two different electronic configurations (c1 and c2) are possible for the intermediate species, depending on which orbital from Cpd I "hosts" the transferred electron. It could be either that this electron couples with the unpaired porphyrin electron (c1 in Figure 4 ) or that it couples with one of the unpaired electrons of the oxoferryl unit (c2). Considering electronic reorganization at the iron atom, other electronic configurations for the intermediate are possible (c3 and c4). However, they are expected to be higher in energy. 35 Irrespective of this, the intermediate species contains superoxide anion (O 2 -). It should be pointed out that the whole H + /H • process is a single electron transfer, whereas reaction 2 (see Introduction) is a twoelectron process. It is thus expected that, in the next step, not only the His proton but also a second electron from O 2 -is transferred to Fe-OH. The reaction could thus possibly proceed via proton-coupled electron transfer, PCET, 36 in which Cpd II receives one proton from HisH + and one electron from O 2 -, leading to product P3 (Figure 3) , in which singlet oxygen is produced, or P1, in which triplet oxygen is produced.
In summary, starting from Cpd I species and H 2 O 2 (S tot ) 3 / 2 ), three mechanisms are possible that conserve the total spin. Apart from the two previously proposed mechanisms (a, H + / H -; b, H • /H • ) there is a third mechanism (c, H + /H • ) in which superoxide anion would be formed. Each of the three mechanisms can lead to either triplet or singlet oxygen as reaction product. Nevertheless, the most important result of this analysis is that the commonly assumed association of the H + /H -scheme with singlet oxygen production is not justified. Similar conclusions are obtained when the reaction takes place in the S ) 1 / 2 surface (see Supporting Information).
Calculations of the Reactants and Products.
To illustrate the above considerations, we performed DFT calculations of the reactants and products using the active site model described in section 2. We did not attempt to rank in energy all the possible electronic configurations discussed so far ( Figure  4) ; thus the calculations converge to the most stable electronic configuration of each species for a given total spin. The reactant state (Cpd I/H 2 O 2 complex) was modeled by introducing H 2 O 2 in the heme distal pocket (as described in section 2) and optimizing the structure. Hydrogen peroxide was found to be not stable in the distal pocket because it loses its two hydrogen atoms, as depicted in Figure 5 . The system thus spontaneously initiates the reaction. Analysis of the final structure and spin density ( Figure 6 ) shows that one proton has been transferred to the distal His, whereas hydrogen atom transfer (HAT) and not hydride transfer to Cpd I takes place. Therefore, our calculations, based on a simplified model, show a first step of the reaction consistent with the third reaction scheme ( Figure  4 , species c1), in which superoxide anion and a Cpd II-like heme are formed. The optimized structure ( It could be argued that the well-known self-interaction error (SIE) associated to DFT could affect the results obtained (for instance, the hydrogen atom transfer from H 2 O 2 to Cpd I to generate a hydroxoferryl Cpd II 19 ). Because the inclusion of a Hartree-Fock (HF) exchange part in the exchange-correlation functional decreases the SIE, 37 we performed additional B3LYP/ PW single-point calculations of the reactants, which gave the same electronic distribution (i.e., Cpd II + superoxide). This result does not exclude completely that the SIE could be present in our calculation. Nevertheless, Cpd I of heme-b catalases (such as the one studied here) can be spontaneously reduced to Cpd II by a residue of the protein in the absence of hydrogen peroxide, 38,15a and Cpd II is expected to be protonated. 15c,d,19 Moreover, catalases also exhibit peroxidatic activity, in which Cpd I is one-electron reduced to Cpd II by an exogenous organic substrate. Therefore, it is not surprising that Cpd II is formed via hydrogen atom transfer from H 2 O 2 to Cpd I.
As mentioned before, the subsequent step to generate the product of the reaction (P1, P2 or P3 in Figure 3 ) from c1 is expected to be the transfer of the His proton to the hydroxoferryl unit, as well as the transfer of one electron from the superoxide anion to Fe IV -OH. It is likely that this occurs via a PCET mechanism, as found in other hemeproteins. 39, 40 To obtain the reaction products, we moved the histidine proton to the hydroxoferryl oxygen and reoptimized the structure. The final optimized structure is shown in Figure 7 and Table 1 lists the main structural parameters. The newly formed water molecule is coordinated to the iron atom (Fe-OH 2 ) 2.05 Å) and the superoxide anion has converted to neutral oxygen (O-O ) 1.24 Å) that remains hydrogen bonded to the distal asparagine and the pocket water (Figure 7) . The side chain of the distal His moves slightly with respect to its position in the intermediate species c1 (Figure 7 ) and hydrogen bonds to the pocket water, indicating a putative proton-transfer pathway. It is to be noted that in the X-ray structure of the native enzyme the pocket water is hydrogen bonded to both distal residues (histidine and asparagine) and it is further away from the iron (Fe · · · O ) 3 Å), most likely due to the absence of the oxygen molecule in the distal pocket. Analysis of the spin density distribution ( Figure  8b and Table 2) shows that the oxygen molecule is in the triplet state (spin density ≈ 2e) and the iron is locally in a doublet Fe III state. Other spin states (doublet, S tot ) 1 / 2 , and sextet, S tot ) 5 / 2 ) were found to be very close in energy (all within 3 kcal/ mol), with the octuplet state (S tot ) 7 / 2 ) lying higher in energy (9 kcal/mol above the quartet). Except for the octuplet state, in all cases the local spin state of the iron atom was found to be either low spin or intermediate spin. Even though the spin state of the products is not known experimentally, we can assume that it is the same as that of the resting state of the enzyme, i.e., a high spin iron. 41 The fact that this is not well reproduced in the calculations could be due to the well-known drawback of DFT in describing high spin states of the iron atom in porphyrin systems. 30, 42 Alternatively, it could be that the spin state changes when O 2 is still in the heme pocket. As mentioned above, in the final optimized structure of the products the water molecule is hydrogen bonded with the oxygen molecule instead of being hydrogen bonded to the distal residues as in the X-ray structure of the native enzyme. As a result, the pocket water maintains the coordination to the iron atom (hexacoordinated Fe III ) (i.e., simply there is not enough space in the active site for the two molecules). The exit of the oxygen molecule from the active site might allow the water molecule to break the bond with the iron, yielding a pentacoordinated Fe III . The change in the coordination number of the iron will modify the splitting of the d-orbitals of the iron, further stabilizing the higher spin states. Indeed, the optimized structures in the sextet states exhibit the longest iron-water distance (2.45 and 2.33 Å).
Summary and Conclusions
In catalases, the reduction of the high redox intermediate Cpd I by hydrogen peroxide involves the transfer of two electrons and two protons from the peroxide to the oxoferryl porphyrin cation radical to restore the heme resting state with the release of a water molecule and molecular oxygen. The actual mechanism of the reaction is not known. The electronic state of the oxygen released has been related to the way in which electron and proton transfers are coupled in the reaction. On the basis of an analysis of the nature and the geometry of the active site, the coupling of protons and electrons according to an H + /Hscheme (transfer of a proton to His and a hydride to the oxoferryl oxygen) has been assumed as more favorable than an H • /H • scheme (double transfer of one hydrogen atom) because of the ability of the nearby His as a proton driver. 3 The H + /H -transfer has been associated with the release of singlet oxygen, which has indeed been detected. [9] [10] [11] This poses a biological question, because the generation of large amounts of singlet oxygen would inactivate the enzyme.
In this work we analyzed the electronic configuration of the oxygen released in monofunctional catalases taking into account the spin state of all active species (not only H 2 O 2 ). It is shown that, in contrast to what has been often assumed, the H + /Hscheme does not necessarily generate singlet oxygen. Moreover, a third stepwise scheme involving first proton and hydrogen atom transfer, then proton and electron transfer (possibly in a concerted fashion), is also compatible with the conservation of the total spin. DFT calculations on a reduced active site model predict this to be the route and that triplet oxygen is the product of the reaction, irrespective of the global spin state of the products. Further studies, aimed at the reconstruction of the energetics of the reaction and based on more realistic models, are needed to verify this prediction. Indeed, because of the simplified model (e.g., the absence of protein environment) and the approximations of the method (DFT) used, it could be that the reaction follows a different path. Recently, it has been shown by de Visser 15b that external perturbations have a significant influence on the electronic properties of catalase Cpd I. Electric fields and dielectric medium may alter the ordering of spin states, with possible consequences on the enzyme activity. Thus, it is important to include in the calculations, possibly through a hybrid QM/MM approach, the solvent and protein environment, to account for long-range electrostatic effects. However, our qualitative analysis, conducted both on the quartet and on the doublet spin states, show that the a priori assumption that the H + /H -scheme leads to the generation of singlet oxygen in catalases, whereas the H · /H · schemes leads to triplet oxygen, is not justified. Figure S1 of possible electronic configurations for a doublet total spin (S tot ) 1 / 2 ). Figure S2 of the three main mechanisms for proton/electron transfer. Optimized structure coordinates for the products in different spin states. This information is available free of charge via the Internet at http://pubs.acs.org. 
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